Eutrophication is a globally significant challenge facing freshwater ecosystems and is closely 16 associated with anthropogenic enrichment of phosphorus (P) in the aquatic environment. Phosphorus 17 inputs to rivers are usually dominated by diffuse sources related to farming activities and point 18 sources such as waste water treatment works (WwTW). The limited availability of inherent labels for 19 different P sources has constrained understanding of these triggers for eutrophication in natural 20 WwTWs provided the source of the effluent is known and samples are collected within a day. 37 38
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Evaluating Phosphate Oxygen as a Tracer of WwTW /Applied Geochemistry Revised_Clean M A N U S C R I P T 
A C C E P T E D ACCEPTED MANUSCRIPT

INTRODUCTION 42
Phosphorus (P) is the rate-limiting factor for microbial and primary producer communities in many 43 freshwater systems including rivers and streams (Smith, 1984) . It is well established that high human 44 population densities and intensive agriculture can lead to the oversupply of P to freshwaters, resulting 45 in eutrophication and a variety of other problems for the environment and human society (Schindler, 46 2012). Phosphorus inputs to rivers in agricultural catchments are usually dominated by diffuse sources 47 related to various farming activities (Carpenter et al., 1998) , but in more heavily populated 48 catchments, point sources such as waste water treatment works (WwTWs) are of great importance 49 technologies. The treatment of waste water is a billion pound industry in the UK (Bailey, 2003) andM A N U S C R I P T
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WwTWs annually (Comber et al., 2013). 55
Whilst there is evidence that P removal at WwTW can significantly reduce the concentration of P in 56 receiving waters (Kinniburgh and Barnett, 2010), there remains uncertainty over whether changes in 57
WwTW-derived P loads directly control the composition or functioning of river biota (Neal et al., 58
2006). This is important since legislative drivers (e.g Water Framework Directive, 2000) for future 59 investment in P removal at WwTWs go beyond assessments solely of river chemical status to also 60 consider the biological status of receiving waters. Uncertainty regarding the relationship between 61
WwTW-derived P and river biological status can be explained by four key factors: 62
i)
Despite P-removal through tertiary treatment at specific WwTWs, elevated P 63 concentrations may continue to be driven by the cumulative effect of upstream point 64
Diffuse sources of P may be sufficiently large that elevated P concentrations are 66 maintained despite the investment in P removal at WwTWs (Gooddy et al, 2017); 67
iii)
The structure and functioning of river biota may only be indirectly controlled by WwTW-68 Despite huge reductions in P concentration, the P concentrations are still in excess for 71 algal growth, and so aquatic ecology is unaffected by these P reductions (Bowes et al., 72
2012) 73
These issues reflect limitations in understanding the contribution of different sources, the degree of 74 biogeochemical cycling and biological impact of P within the environment. Traditional approaches to 75 quantifying the importance of different sources of P include those based on in-river assessments, 76 usually mass flux budgets or spatial and temporal analysis of P concentration (Bowes et al., 2014) , 77 those based on export coefficient approaches (Johnes et al., 1996) , and those based on indirect tracers 78 of source such as boron (Vengosh et al., 1994) . However, none of these approaches provides anM A N U S C R I P T
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The past few years have seen substantial advances in the use of phosphate 18 
METHODS 126
Spot Sampling of WwTW 127
Effluent samples were collected at the final outfall from 16 sites spanning a range of WwTW person 128 equivalents, as well as those which employ a range of secondary, tertiary and other treatment 129 technologies (Table 1) . Sufficient sample (1-10 L) was collected to enable the generation of ~1 mg of 130 silver phosphate (Ag 3 PO 4 ) which is required for isotopic analysis. Samples were filtered on site usingM A N U S C R I P T
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Sub-Daily Sampling of WwTW 134
The composition of WwTW effluent may vary significantly over a daily cycle reflecting both the 135 nature and volume of waste water that is treated. To understand better this variation and the impact it 136 may have on the P i concentration and δ 18 O PO4 , studies were undertaken on the final effluent of three 137 different WwTW. All of the treatment works studied were in relatively rural settings and so it is 138 assumed there were minimal industrial effluents entering the WwTW and indeed the influent was 139 relatively similar between the three, being situated within 10km 2 of each other in Oxfordshire, UK. By 140 contrast, each of the sites had different treatment processes (See Table 1 , sites 14, 15 and 16). 141
At site 14 an automated sampler was used to collect 400mL samples at hourly intervals starting at 142 9am and finishing at 6am the following day. These were then bulked into 3 hour blocks to provide 143 sufficient mass for extraction and analysis of P i . A data logger was also used at this site to provide a 144 continuous measure of the effluent temperature. At site 15, 8 samples were collected manually every 145 hour from 9am until 4pm. At site 16, difficulties with filtration meant that sufficient sample volumes 146 were only obtained for three samples collected at 9am, 1pm and 4pm. 147
Sampling Upstream and Downstream Transects 148
Two WwTW (sites 1 and 18) and their associated river systems were selected to evaluate whether 149 downstream changes in δ 
Sample preparation and isotope analysis 156
The method used to isolate P i from water samples and precipitate Ag 3 PO 4 for isotope analysis has 157 already been presented in Gooddy et al. (2016) and is described in detail in Lapworth et al. (2014) . 158
Samples were processed within 24 h of collection and were stored in the dark at 4 °C prior to 159 processing. In brief, the majority of dissolved organic matter is first removed by passing the sample 160 through an organic exchange resin and P i is then isolated from the remaining matrix using an anion 161 exchange resin. Phosphate is eluted from the anion exchange resin and chromatographically separated 162 from competing anions using 0. 
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RESULTS AND DISCUSSION 182
Comparison of Global Data 183
A compilation of inorganic phosphate and δ 18 O PO4 values for all currently published data for effluent 184 from WwTW is presented in Table 2 . Previous studies have been undertaken in France, Sweden, the 185 UK and the USA. The manuscript reports additional data from 16 new sites all from the UK. The data 186 contained within Table 2 is a mixture of spot samples taken once, seasonal samples taken during 187 spring, summer, autumn and winter, and a mean of time series data taken over the period of a day. 188
Four Swedish sites were from septic tank outflows and included in this study as they are considered to 189 be comparable as sources of human waste water. All other samples were from WwTW outflow 190 effluents. Most of these effluents underwent primary and secondary treatments but only a few 191 underwent any form of tertiary P treatment, where the intention is to achieve PO 4 concentrations in pyrophosphatase equilibrium value which indicates incomplete intracellular cycling, and so is 219 consistent with the high concentrations of P in WwTW effluents. 220
Seasonal and Temperature Influences 221
Microbial reactions are commonly controlled by temperature with greater reaction rates occurring at 222 higher temperatures. For biological processing of δ 18 O PO4 it might be expected therefore that higher 223 temperatures are associated with δ 18 O PO4 values closer to equilibrium. Similarly therefore, for a given 224 site, samples taken in the summer may be closer to equilibrium than those taken in winter. 225
Samples 18 to 21 (Table 2) Clearly the kinetics of the reaction are important and require further investigation to fully understand. 277
However, it is also worth noting that for the UK sites in Table 1 were not necessarily observed. This strongly suggests that the P outflow from a WwTW is highly 280 dependent on the treatment technologies and conditions at the plant, although over a relatively short 281 period, the δ 18 O PO4 values remain constant even though the PO 4 concentrations change. This is in 282 contrast to the seasonal data where changes are seen, possibly due to a change in dominant P source 283 throughout the year. In terms of understanding WwTW as a source this is a positive finding as it 284 suggests over a normal daily sampling interval there is unlikely to be a significant change in theM A N U S C R I P T
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Instream Processing of WwTW Source 289
Having established that over an 8-24 hour period that the δ 18 O PO4 value of final effluent from a 290
WwTW does not vary significantly, additional work was undertaken to determine whether or not this 291 source term is preserved downstream of the effluent input to the river. Figure 5 shows 2 transects 292 taken from different sites, including samples taken upstream and downstream of WwTWs. In both 293 cases it can be observed that there is a significant spike in P i concentrations resulting from the input of 294 effluent from the WwTW although it is also important to note that both streams have significant 295 upstream concentrations of P i (~0.4-0.5 mg PO 4 /L) suggesting the river is not P limited. In both cases river water δ 18 O PO4 samples were not at equilibrium. The δ 18 O PO4 values upstream also 318 strongly suggested there is a different source of P i to the WwTW at the point of measurement. 319
Importantly, downstream of the WwTWs there was no significant shift towards the equilibrium value. 320
This indicates that there was no rapid or significant microbial processing of the P and the source term, 321 allowing for mechanical mixing, was therefore retained. This enabled tracing of the effluent down to 322 distances of 3 km, and quite possibly further depending on the river network pattern and flow, 323 microbial activity, as well as downstream inputs of additional sources of P. These data are consistent 324 with the conclusion that the concentration of P i upstream of the WwTWs was already in excess of 325 metabolic requirements, meaning that WwTW-derived P was not closely coupled to the metabolism 326 of in-river biota. However, recent experimental work (Chang et al., 2015) suggests microbial reaction 327 t 1/2 times are of the order of several hours depending on temperature which would be equivalent to 328 more than 10 km downstream from a WwTW discharging into a moderately flowing river. Hence 329 little or no metabolism of P would be observed. 330 331
CONCLUSIONS 332
This study has shown there can be considerable variability between the δ 18 O PO4 values in the effluent 333 of different WwTWs. This does not appear to be related to treatment type or population equivalents. 334
There are also significant differences in δ 18 O PO4 observed for a given WwTW between seasons, 335 although this study suggests the dominant control on difference between measured δ 18 O PO4 and 336 isotopic equilibrium is the δ 18 O H2O rather than temperature although more data is need to confirm this. 337 M A N U S C R I P T
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Evaluating Phosphate Oxygen as a Tracer of WwTW /Applied Geochemistry Revised_Clean 14 from an effluent recorded in the morning could be assumed to be the same as the value recorded 340 throughout the day. When δ 18 O PO4 is monitored downstream of a WwTW, there is no evidence of 341 processing of P up to a distance of at least 3 km and the measured value is a reflection of the upstream 342 P source mixing with the effluent. This is due to the system having an excess of P (i.e. not P limited) 343 but also due to the reaction times required for biotic cycling. 344
This study builds significantly on the earlier work of Gruau et al. (2005) 
